Introduction
Estrogens regulate reproductive and non-reproductive functions in both males and females including nociception, brain plasticity, and learning (Cornil et al. 2012a; Micevych and Meisel 2017; Azcoitia et al. 2017) . They exert these pleiotropic effects through a combination of nuclear-and membrane-initiated signaling which are often associated with different latencies of action (Vasudevan and Pfaff 2007; Cornil et al. 2015; Micevych et al. 2015) .
Estrogens are synthesized by the aromatization of androgens, a reaction catalyzed by the enzyme aromatase. The ovaries constitute a major source of estrogens, but many other tissues express active aromatase whose products act locally (Boon et al. 2010) . In particular, the brain expresses high amounts of aromatase in discrete hypothalamic regions, the medial preoptic area, the bed nucleus of the stria terminalis (BST), and the medial amygdala (MeA), while lower amounts are also found in the hippocampus and cortical regions (Lauber and Lichtensteiger 1994; 
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Bed nucleus of the stria terminalis DHEA Dehydroepiandrosterone DHT Dihydrotestosterone E2 Estradiol EB Estradiol benzoate 1995; Wagner and Morrell 1996; Roselli et al. 1998b Saldanha et al. 2000) . In physiological conditions, aromatase is constitutively expressed in neurons of reptiles, birds, and mammals, while it seems to be only expressed in radial glia in fish with the notable exception of the goldfish (Callard et al. 2013; Pellegrini et al. 2013) . The role of brain aromatase has mostly been studied in males in which it is known to play a critical role in the expression of sexual, aggressive, and parental behavior both in the short term and long term (Trainor and Marler 2002; Balthazart et al. 2004; Trainor et al. 2006; Hull and Rodriguez-Manzo 2009; Heimovics et al. 2015; Cornil and de Bournonville 2017) . In parallel, aromatase activity in the male brain is regulated through distinct mechanisms in these two timeframes corresponding to the two modes of action of estrogens (Charlier et al. 2013) .
Aromatase is a microsomal enzyme expressed mainly in the endoplasmic reticulum. In the brain, it is also expressed and active in synaptic terminals (Schlinger and Callard 1989; Roselli 1995; Naftolin et al. 1996; Peterson et al. 2005) , where its activity is acutely regulated (RemageHealey et al. 2011; Cornil et al. 2012b) . Along with the discovery of membrane-initiated actions of estrogens, this led to the idea that locally produced estrogens, also called neuroestrogens, can act in a neurotransmitter-like manner Saldanha et al. 2011; Cornil et al. 2015; Rudolph et al. 2016 ).
Finally, it should be noted that, for reasons that remain unclear but likely result from a lower expression potentially limited to specific subcellular compartments, aromatase is notoriously difficult to immunostain in mammals and its activity is also relatively more difficult to measure. A great deal of information regarding aromatase expression and regulation has thus been gained from studies conducted in birds where it is expressed in much higher amounts.
This article will review what we know regarding the expression, regulation, and function of brain aromatase in females. Because ovarian estrogens are circulating at high concentrations in females, the study of the role of brain aromatase has been somewhat neglected in this sex. However, females express substantial amounts of active brain aromatase that is regulated in similar ways as in males. I will first review what is known about its expression and regulation in females. Then, I will discuss the results of studies that investigated the functional role of locally produced estrogens in the brain of females.
The brain of females expresses substantial amounts of active aromatase
As the ovary constitutes one of the major sources of estrogens, it is often assumed that the physiological and behavioral effects of estrogens reflect the effects of fluctuations in circulating estrogen concentrations and thus that the active estrogens are derived from the ovary. However, although aromatase tends to be expressed in larger amounts in males than females, adult females do express aromatase in many brain regions (Fig. 1) . Interestingly, the affinity of brain aromatase for its substrate is the same in males and females (Konkle and Balthazart 2011) , but seems to be higher than the affinity of ovarian aromatase (Hutchison et al. 1992) .
In birds, female Japanese quail (Coturnix japonica) show similar levels of aromatase mRNA as males in most brain regions, including the medial preoptic area (MPOA) and the mediobasal hypothalamus (MBH) (Fig. 1a) (Voigt et al. 2007 ), but show a slightly lower number of aromataseimmunoreactive cells than males in the MPOA . In the hypothalamus-preoptic area (HPOA) and the caudomedial nidopallium (NCM), female zebra finches (Taeniopygia guttata) exhibit a similar number of aromatasepositive cell bodies as males, but have fewer immunopositive fibers and synapses (Saldanha et al. 2000; Peterson et al. 2005) .
In mammals, since the visualization of the protein product of the aromatase gene is difficult, comparative data across sexes derive almost exclusively from the analysis of its transcript or the expression of detectable proteins whose expression was engineered to reflect the expression of aromatase mRNA. In rodents, females exhibit between one quarter and two-thirds of the transcript levels detected in males depending on the species, the region and the method used to measure transcripts (Fig. 1b) (Wagner and Morrell 1996; Roselli et al. 1998a; Wu et al. 2009; Stanic et al. 2014) . The highest levels of expression in females were reported in the BST, the MPOA, the ventromedial hypothalamus (VMH), the MeA, and the olfactory tubercles. Interestingly, in humans (Fig. 1e) , the radiolabeled aromatase inhibitor Vorozole only shows a slightly higher level of uptake in the hypothalamus, preoptic area, and amygdala of men compared to women (Biegon et al. 2015) . Similar to what was described for the transcript and protein, females display a lower enzymatic activity than males in all regions where it was measured, and show particularly high aromatase activity in the HPOA, BST and MeA in a variety of avian and mammalian species (Reddy et al. 1973; Weisz and Gibbs 1974; Naftolin et al. 1975; Selmanoff et al. 1977; Roselli et al. 1985; Hutchison and Steimer 1986; Connolly et al. 1990; Steimer and Hutchison 1990b; Rissman et al. 1996; Corbin et al. 2009; Cornil et al. 2011; Dickens et al. 2014) . In zebra finches, females show a lower aromatase activity than males in synaptic terminals (Rohmann et al. 2007 ). Finally, a higher estradiol content was measured in discrete brain regions of the female rat and monkey brain compared to plasma, suggesting that local estrogen synthesis Fig. 1 The brain of females expresses lower, but non-negligible, amounts of aromatase compared to males, as evidenced by the expression of its mRNA in Japanese quail (a) and rats (b), of its enzymatic activity in Japanese quail (c) and rats (d) and the uptake of the radiolabeled aromatase inhibitor Vorozole in humans (e). Interestingly, local estrogen synthesis translates in a higher concentration of estradiol (E 2 ) in the hippocampus relative to plasma in both sexes (f). Note that a represents levels of optical density of autoradiograms corrected for the volume of the examined nucleus, while panel b represents the number of stained cells per 0.35 mm 2 . In f, note also that the scales are dramatically different between hippocampus and plasma levels. AMY amygdala, BST bed nucleus of the stria terminalis, Di1 females in diestrus 1, Di2 females in diestrus 2, Est estrus females, HYP hypothalamus, MeA medial amygdala, MPN medial preoptic nucleus, OVX ovariectomized females, Pro proestrus females, POA preoptic area, SUVs standardized uptake values, THA thalamus, TnA nucleus taeniae of the amygdala, VMN ventromedial nucleus of the hypothalamus. Adapted from (Roselli et al. 1985; Wagner and Morrell 1996; Cornil et al. 2011; Kato et al. 2013; Biegon et al. 2015) may provide another source of estrogens in addition to estrogens of ovarian origin (Fig. 1f) (Kato et al. 2013; Kenealy et al. 2013 Kenealy et al. , 2016 ).
Brain aromatase is regulated in a similar fashion in females as in males
Long-term regulation of aromatase expression
In males, the concentration of brain aromatase is under the control of testosterone and its metabolites that up-regulate its expression, a process detected within a few hours and reaching a maximum after several days depending on the species considered (Roselli et al. 1987; Balthazart et al. 1990a) . The regulation of brain aromatase expression has mostly been studied in rats (Rattus norvegicus), ring doves (Streptopelia risoria), and Japanese quail. In male rats, brain aromatase expression is up-regulated by testosterone in a region-specific manner. Transcription of the gene coding for aromatase is up-regulated by testosterone in the POA and the ventromedial nucleus of the hypothalamus (VMN), but not in the amygdala (Abdelgadir et al. 1994 ). This up-regulation of the transcript is mirrored by changes in enzymatic activity measured in these regions and other brain regions, including the hippocampus, the suprachiasmatic nucleus, the arcuate nucleus, and the median eminence region (Roselli et al. 1984 (Roselli et al. , 1985 Abdelgadir et al. 1994) .
Work in birds showed similar testosterone-induced changes in aromatase activity in the same brain regions (Balthazart et al. 1990b) . However, most studies mainly focused on changes occurring in the POA, particularly in the medial preoptic nucleus (POM), where the up-regulation following testosterone treatment was evidenced at all three levels of investigation: the transcript, the protein, and the enzymatic activity levels (Steimer and Hutchison 1981; Schumacher and Balthazart 1986; Balthazart et al. 1990a Balthazart et al. , 1996 Harada et al. 1992; Foidart et al. 1994; Voigt et al. 2011) .
In all three species, the estrogenic and androgenic metabolites of testosterone act in synergy to up-regulate aromatase activity, with a predominance of androgenic action in rats (Roselli et al. 1987 (Roselli et al. , 1997 Abdelgadir et al. 1994 ), but of estrogenic action in quail and doves (Hutchison and Steimer 1986; Schumacher et al. 1987; Hutchison et al. 1991; Balthazart and Foidart 1993; Harada et al. 1993) .
As illustrated in Fig. 2 , in females, aromatase mRNA, protein, and activity levels are up-regulated by testosterone in a region-specific manner in both rats (Roselli et al. 1984 (Roselli et al. , 1996a Steimer and Hutchison 1990a; Roselli and Klosterman 1998) and birds (Schumacher and Balthazart 1986; Balthazart et al. 1990a Balthazart et al. , b, 1996 Steimer and Hutchison 1990a; Hutchison et al. 1992; Voigt et al. 2011) . To the best of my knowledge, the effect of estrogens on female aromatase was only investigated in doves (Hutchison et al. 1992) . In this species, treatment of gonadally intact and ovariectomized females with estrogens increases aromatase activity in the preoptic area and hypothalamus (Fig. 2d) . Moreover, HPOA estrogen formation is positively correlated with follicular development in the ovary of females paired with a male, thus supporting a role for estrogens in the control of brain aromatase expression in females. Importantly, the highest levels of aromatase activity in doves were measured in females that had been paired for several days with a male, suggesting that other factors than sex steroids are involved in the regulation of aromatase activity (see also below). In female rats, however, brain aromatase does not seem to vary significantly across the estrous cycle (Roselli et al. 1984) . Although brain aromatase is also regulated in a region-specific manner in male rhesus macaques (Macaca mulatta; , nothing is known regarding its regulation in females in this species. However, using a measure of uptake of the aromatase inhibitor Vorozole, Pareto, and colleagues suggested that the expression of aromatase fluctuates across the estrous cycle in female baboons (Pareto et al. 2013 , as reviewed in Biegon et al. 2015) . Together, these data support the notion that the expression of aromatase in the brain of females is regulated by testosterone, and possibly by estrogens, in a manner similar to males.
Short-term regulation of aromatase enzymatic activity
Besides the transcriptional control of aromatase concentration described above, work performed in male birds showed that the enzymatic efficiency of brain aromatase is also rapidly modulated by neuronal activity. This is evidenced by a rapid and transient down-regulation in aromatase activity elicited in quail HPOA explants maintained in vitro by potassium-induced depolarizations or exposure to glutamatergic agonists (Balthazart et al. 2001 (Balthazart et al. , 2003 . Similarly, in vivo injection of the glutamate agonist kainate in the POM of male quail results in a rapid down-regulation of aromatase activity measured ex vivo in preoptic microdissections (de Bournonville et al. 2017a) . Finally, estradiol concentration rapidly decreases in the dialysate collected from the caudomedial nidopallium of zebra finches after the retrodialysis of potassium or glutamate (Remage-Healey et al. 2008 . These effects presumably result from calcium-dependent phosphorylations of the enzyme itself with subtle region and species differences (Balthazart et al. 2001 (Balthazart et al. , 2003 Charlier et al. 2011; Cornil et al. 2012b; Comito et al. 2015) . As opposed to what was seen in birds, glutamate increases estradiol concentration in the hippocampus of male rats (Hojo et al. 2004; Sato and Woolley 2016) . Whether this discrepancy relates to a species or a region difference is not clear yet.
Importantly, in male birds, rapid changes in aromatase activity or estradiol concentration occur in behaviorally relevant contexts in different brain regions and these changes are associated with the control of known behavioral or physiological processes (Heimovics et al. 2015; Cornil and de Bournonville 2017; Remage-Healey et al. 2017) .
In the brain of females, aromatase activity is also regulated in vitro by calcium-depend phosphorylations. Indeed, aromatase activity measured in HPOA homogenates derived from female quail is significantly inhibited by high, but physiological, concentrations of Ca 2+ , Mg 2+ , and ATP, and this effect is blocked by protein kinase inhibitors. Aromatase activity is also up-regulated by calcium chelation. Interestingly, compared to males, brain aromatase activity in females appears to be less sensitive to changes in calcium concentrations, but more sensitive to protein kinase inhibition, suggesting that the mechanisms underlying these changes may be slightly different between sexes (Konkle and Balthazart 2011) . Similar investigations in homogenates derived from the hypothalamus, the hippocampus, and the nidopallium of female zebra finches showed that aromatase activity showed similar responses to phosphorylating conditions and calcium chelation as in males in all regions, except the hippocampus, where a sex difference in sensitivity to ATP was detected (Cornil et al. 2012b; Comito et al. 2015) . Hence, these data suggest that brain aromatase activity is also acutely regulated by calcium-dependent phosphorylation in females with subtle differences compared to males.
Fig. 2
The expression of brain aromatase in females is regulated by sex steroids in several species as evidenced by investigation of the level of its mRNA (a), protein (b, c), and enzymatic activity (d, e). a Optical density levels from autoradiograms. b Volume of tissue covered by cells that are immunoreactive for aromatase in the quail medial preoptic nucleus (POM). c-e Aromatase activity measured in quail, doves, and rats. Note that the enzymatic activity was assessed in quail and dove through the estrogen formation assay, where the amount of radioactive estradiol was produced following incubation with a radioactive androgen substrate. By contrast, in rats, aromatase activity was measured by the tritiated water assay, in which the conversion of each molecule of tritiated androstenedione gives rise to the release of one molecule of tritiated water. Ant. Hyp. anterior hypothalamus, BSTM medial portion of the bed nucleus of the stria terminalis, CX castrated males, EB estradiol benzoate, GDX gonadectomized, MBH mediobasal hypothalamus, MeA medial amygdala, MPN medial preoptic nucleus, OVX ovariectomized females, POA preoptic area, Post. Hyp. posterior hypothalamus, POM medial preoptic nucleus, T testosterone, TP testosterone propionate, VMH ventromedial hypothalamus. Adapted from (Balthazart et al. 1990b Roselli et al. 1996b; Hutchison et al. 1992; Voigt et al. 2011) Moreover, the same discrepancy regarding the direction of these effects between birds and mammals seems to exist in female as in males. Indeed, in vivo microdialysis revealed a rapid rise in hippocampal estrogen levels in response to treatment with the glutamate agonist kainate in female rats, that is similar to the increase observed in males (Sato and Woolley 2016) . Similarly, in ovariectomized Rhesus monkeys, estradiol concentration (80-400 pg/ml) measured in the median eminence stalk by in vivo microdialysis is superior to circulating estradiol levels (± 8 pg/ml) and is rapidly modulated following a 5 min electrical stimulation, supposed to induce local glutamate release (Fig. 3d) . Following an initial trend of reduction, local estradiol concentration then transiently peaks within 40-60 min of stimulation (Kenealy et al. 2013) .
As illustrated in Fig. 3 , aromatase activity in the brain of females also fluctuates acutely in a site-specific manner in response to changes in the environment. In Japanese quail, such changes have been described in the POM and the tuberal hypothalamus (a region thought to be homologous to the mammalian arcuate nucleus) in response to stress and sexual interactions. Aromatase activity is up-regulated in the POM and down-regulated in the tuberal hypothalamus of females within minutes of acute restraint stress (Fig. 3a ) (Dickens et al. 2011 (Dickens et al. , 2012 . By contrast, an interaction with a sexually active male results in a decreased activity in the POM (de Bournonville et al. 2017b ). Importantly, aromatase activity positively correlates with tissue content in estradiol in both the POA and the MBH, regardless of whether females had been stressed or paired with a male partner (Fig. 3b) . This observation suggests that, at the individual level, local estradiol concentration is regulated independently of ovarian production (Dickens et al. 2014) . Finally, in zebra finches, playback of male songs elicits a rapid elevation in local estradiol concentration in the caudomedial nidopallium (NCM) of females, a region homologous to the mammalian auditory cortex and involved in the processing of conspecific sounds ). These local changes are independent of circulating estradiol concentration, as evidenced by the absence of fluctuation in blood estradiol in the same animals and by the absence of similar changes in the neighboring mesopallium, where Fig. 3 Aromatase activity is acutely regulated in the brain of females. a Effect of acute restraint stress in the medial preoptic nucleus (POM) and tuberal hypothalamus (Tub) of female quail (a region probably homologous to the arcuate nucleus of mammals). b Positive correlation between preoptic content in estradiol and the aromatase activity measured in the same female sample using the tritiated water assay (see Fig. 2 ). c Rapid elevation of estradiol levels induced by male song playback in the caudomedial nidopallium of female zebra finches. d Effect of an electrical stimulation (ES) of the median eminence stalk of female monkeys on the concentration of estradiol measured nearby by in vivo microdialysis. BSTM medial portion of the nucleus of stria terminalis, ES electrical stimulation, Tub tuberal hypothalamus. Adapted from (Dickens et al. 2011; Kenealy et al. 2013) aromatase is not, or minimally, expressed in females. No similar changes were detected in response to male visual stimuli. Together, these data demonstrate that aromatase activity and subsequent local estrogen availability rapidly fluctuate in the brain of females in a stimulus-and site-specific manner. These changes are also sex-specific as they show different neuroanatomical localization or dynamics as compared to males.
Collectively, the observations presented here indicate that brain aromatase activity is regulated in females both in the long-and the short-term by mechanisms similar to those identified in males. Hence, estrogens produced in the brain could act along with ovarian-derived estrogens and potentially independently of them. The next section will review studies supporting the hypothesis that these estrogens do exert a functional role in females.
Funtional role of neuroestrogens in behavior and physiology
Early experiments indicated that female sexual behavior could be elicited in females of different species by treatments with testosterone alone (Beach 1942; Beyer et al. 1970a, b; Beyer and Komisaruk 1971) or combined with progesterone (Pfaff 1970; Whalen and Hardy 1970; Whalen et al. 1972; Luttge et al. 1975; Gladue et al. 1978; Hsu 1990 ). This effect was not mimicked by non-aromatizable androgens (Beyer and Komisaruk 1971) , but was blocked by the estrogen antagonist CI-628 (Whalen et al. 1972; Luttge et al. 1975) or the aromatase inhibitor ATD (Gladue et al. 1978; Hsu 1990 ). This indicated that this effect resulted from the conversion of the androgen into an estrogen. However, where this conversion occurs remained unknown.
Female sexual behavior in the musk Shrew
Although the first suggestions of a possible role of brain aromatase in females were formulated earlier (Beyer et al. 1970b; Pfaff 1970) , to my knowledge, the first piece of direct evidence for a role of neuroestrogens in females was identified in the musk shrew (Suncus murinus). In this species, a key role for extra-gonadal aromatization was suspected based on the observation that (1) testosterone is the main circulating sex steroid (Rissman and Crews 1988) , (2) sexual receptivity is induced in ovariectomized females by aromatizable androgens or estradiol benzoate, but not non-aromatizable androgens, administered systemically (Rissman et al. 1990) , and finally, (3) systemic blockade of estrogen synthesis, or action, impairs sexual behavior in gonadally intact females or ovariectomized females treated with testosterone (Rissman et al. 1990; Rissman 1991) .
Like females of other species, the female musk shrew expresses lower levels of brain aromatase activity than males, with the highest levels detected in the POA, BST, and VMH (Rissman et al. 1996) . Implants filled with testosterone propionate were placed in these three areas in ovariectomized females to directly test the contribution of central aromatization to female sexual behavior (Veney and Rissman 2000) . Implants that fell within the boundaries of the MPOA and VMN resulted in reduced copulatory latencies (Fig. 4a) and in most females displaying sexual receptivity, while implants in the BST or in the neighboring regions of MPOA and VMH did not induce such behavioral effects. In the MPOA, similar effects were observed when testosterone was replaced by estradiol, but not by the non-aromatizable androgen dihydrotestosterone (DHT) (Fig. 4b) . In the VMH, estradiol produced a slightly less dramatic effect and behavioral latencies induced by DHT implantation were intermediate between controls and estradiol-treated females. Together, these results thus suggested that brainderived estrogens contribute significantly to the expression of female behavior.
However, musk shrews are induced ovulators. They display sexual behavior prior to follicular development and, as opposed to spontaneous ovulators, ovulation is induced by somatosensory stimuli provided during coitus. Cats and rabbits are other induced ovulators in which testosterone was found to facilitate female sexual behavior in ovariectomized females (Beyer et al. 1970a; Whalen and Hardy 1970) . Moreover, female sexual behavior is also restored in ovariectomized rabbits (Oryctolagus cuniculus) by testosterone implants targeting the VMH, but not by systemic DHT treatment (Palka and Sawyer 1966; Beyer et al. 1970a, b) . Although these studies raise the interesting possibility that central aromatization plays a role in the regulation of female behavior, it is also possible that this feature is a common trait to reflex ovulators, in which sexual interactions occur independently of the ovarian cycle, that cannot be generalized to spontaneous ovulators such as rats, mice, sheep, monkeys, and humans.
Female sexual behavior in Japanese quail
Estrogens also play a key role in the induction of female sexual behavior in quail (Adkins and Adler 1972; Noble 1973; Adkins and Nock 1976; Delville and Balthazart 1987; de Bournonville et al. 2016) . As female receptivity covaries with fluctuations of ovarian secretion in quail (Adkins and Adler 1972; Noble 1972; Delville et al. 1986) , it is thus logically assumed that all active estrogens originate from the ovary. However, a recent study showed that female sexual behavior is partially restored by a systemic treatment with testosterone in ovariectomized quail. This is evidenced by an increased amount of time spent near the male and an increased percentage of females approaching a male in a partner prefer choice test (Fig. 4c) . Moreover, approaching females exhibited an increased number of receptive postures and a decreased number of avoiding behaviors (de Bournonville et al. 2016 ). This effect of testosterone is prevented by concurrent pharmacological blockade of aromatase activity, thus indicating that an extra-gonadal source of estrogens contributes to the activation of female sexual behaviors.
To evaluate this possibility and determine the source of estrogens, aromatase activity was measured in different tissues from gonadally intact females or ovariectomized females treated or not with testosterone. Non-surprisingly, the HPOA and the telencephalon displayed the highest (VMN) . b In this species, the behavioral effect of implants filled with estradiol (E2), dihydrotestosterone (DHT), or cholesterol (Chol, as a control) targeted to the MPOA or VMN was assessed on the latency of females to wag their tail and to receive their first mount, intromission (Intro), and ejaculation (Ejac). c In quail, sham operated or ovariectomized (OVX) females systemically treated or not with testosterone (T) alone or in combination with the aromatase inhibitor vorozole (VOR) were tested for approaching a tethered male in a partner preference test when given the choice to spend time with a male or a female. d Aromatase activity in the third ovarian follicle, the liver, the telencephalon, and HPOA of sham operated females or ovariectomized females treated or not with testosterone. Data are expressed per mg of tissue (left) or in the entire organ (right). Besides the ovary, the highest aromatase activity in females is contained in the brain and the liver (d). AH anterior hypothalamus, BNST-MA medial anterior division of the bed nucleus of the stria terminalis, LPOA lateral preoptic area, LS lateral septum, MN mammillary nucleus, MPOA medial preoptic area, VMN ventromedial nucleus of the hypothalamus. Adapted from (Veney and Rissman 2000; de Bournonville et al. 2016) aromatase activities, as expressed per weight of fresh tissue (Fig. 4d) . Similar to female sexual behavior, this activity was regulated by testosterone in agreement with the idea that neuroestrogens partially contribute to the regulation of female sexual behavior in Japanese quail (de Bournonville et al. 2016 ). However, the samples from the liver showed a low, but detectable, aromatase activity, which was equivalent to that of the HPOA, when corrected for the size of the entire organ (Fig. 4d) . The liver could thus constitute a non-negligible source of estrogens, as well. Liver aromatase activity was, however, not affected by testosterone and locally produced estrogens are presumably subjected to intense catabolism. It is thus likely that the estrogens contributing to the activation of female sexual behavior in ovariectomized female quail treated with testosterone arise from the brain. If confirmed, this would support the idea that the contribution of brain estrogen synthesis to the regulation of female sexual behavior is not an exclusive feature of reflex ovulators. Future studies involving the specific blockade of brain aromatase and the identification of the brain site(s) involved in this effect of testosterone in ovariectomized females will be necessary to definitively confirm this hypothesis.
Regulation of the reproductive axis in primates
Estrogens control female reproductive physiology at multiple levels of the hypothalamic-pituitary-gonadal axis. Classically, the hypothalamic component consists of the gonadotropin-releasing hormone (GnRH), produced by neurons scattered throughout the POA, whose pulsatile release in the portal vein system triggers the release of gonadotropins (LH and FSH) from the anterior pituitary into the circulation. In turn, gonadotropins control ovarian steroidogenesis and folliculogenesis (Clarke et al. 2012) .
During most of the reproductive cycle, estradiol inhibits gonadotropin secretion by suppressing the activity of GnRH neurons (negative feedback). At mid-cycle, estradiol action switches from negative to positive feedback to generate the pre-ovulatory GnRH and subsequent LH surges (Herbison 1998) . Other neuronal populations have been identified that act as upstream regulators of GnRH release. In particular, kisspeptin (Kp) neurons are considered as major modulators of the activity of GnRH neurons and are involved in both the induction of the negative and positive feedbacks of estrogens on LH secretion (Goodman and Lehman 2012; Piet et al. 2015) . This model of central regulation of ovarian physiology is by essence considered to rely on the sensing by the brain and the pituitary of circulating levels of ovarian steroids.
Yet, recent work conducted in female Rhesus monkeys indicates that estrogens produced by the hypothalamus contribute to the regulation of GnRH secretion (Kenealy et al. 2013 (Kenealy et al. , 2015 (Kenealy et al. , 2016 . As alluded to earlier, electrical stimulation of the median eminence stalk elicits a rise in local estradiol concentration in ovariectomized female monkeys (See Fig. 3d ). This stimulation also elicits a rapid rise in the amount of GnRH released per pulse. This effect is mimicked by a short (20 min) and local infusion of estradiol benzoate (EB), and is accompanied by an oscillatory release of estradiol whose properties, in terms of peak duration and inter-pulse interval, closely resemble those of GnRH (Fig. 5 ) (Kenealy et al. 2013 ). Importantly, both estradiol and GnRH release are blocked by local aromatase inhibition.
Intriguingly, both a short and a prolonged infusion of EB in the median eminence stalk also induce the release of kisspeptin. By contrast, systemic EB treatment suppresses the release of both GnRH and kisspeptin (Kenealy et al. 2015) . It thus seems that the origin of estradiol impacts the (Kenealy et al. 2013 (Kenealy et al. , 2016 physiological response induced. In particular, the effect of local EB infusion in the median eminence stalk of ovariectomized females induces a surge of LH reminiscent of the pre-ovulatory GnRH surge, while systemic EB decreases LH levels, an expected effect of negative feedback of estrogens in ovariectomized females (Kenealy et al. 2015) . Importantly, both of these studies revealed that the increased release of GnRH and Kp as well as the induction of pulsatile changes in estradiol levels in the median eminence of ovariectomized monkeys are site-specific, thus potentially explaining the difference in the effects of locally infused vs systemic EB treatments (Kenealy et al. 2013 (Kenealy et al. , 2015 .
These effects are surprising in many respects. Notably, they are observed within latencies that are much shorter than those typically associated with the induction of the negative and positive feedbacks. Moreover, they occur at a site that was largely overlooked by past studies. They suggest that local estrogen synthesis takes place in the median eminence as: (1) basal estradiol levels detected in the median eminence exceed their concentration in the circulation; (2) both electrical stimulation and EB treatment induce pulsatile changes in local estradiol levels, while a conversion from EB to estradiol would have been expected to translate into a unique peak of estradiol; and (3) this effect is blocked by local aromatase inhibition (Kenealy et al. 2013) . Importantly, these effects also indicate that neuroestradiol contributes to the regulation of GnRH release, as aromatase blockade ablates EB-induced GnRH release which concurs with oscillatory estradiol changes.
Finally, higher levels of estradiol were also measured in the median eminence than in the plasma of pre-pubertal female (Kenealy et al. 2016) . Interestingly, local estradiol concentration is markedly lower in the median eminence of early pubertal compared to pre-pubertal females, suggesting that its local production may play a role in the central inhibition of GnRH release characteristic of the pre-pubertal stage. Therefore, although numerous questions remain regarding the mechanisms underlying these local changes in neuroestradiol and the impact of local aromatase blockade on reproductive physiology of gonadally intact females, these data bring support to the idea that locally produced estradiol is involved in the regulation of GnRH secretion at different life stages.
Regulation of auditory processing in songbirds
Singing behavior is used for attraction and recognition of sexual partners in songbirds. The caudomedial nidopalium (NCM), a nucleus of the songbird telencephalon analogous to the mammalian auditory cortex (Pinaud and Terleph 2008) , shows neural selectivity to auditory cues from individual conspecific songs or calls and is considered to play an important role in this recognition process (Mello et al. 1992; Chew et al. 1996) . High amounts of aromatase are expressed in the NCM of males (Metzdorf et al. 1999; Saldanha et al. 2000) , where its enzymatic activity is the highest during breeding season of seasonal species (Fusani et al. 2000; Soma et al. 2003) . In male zebra finches, local estradiol concentration in the NCM fluctuates rapidly in response to male conspecific songs (Remage-Healey et al. 2008) . These local and rapid changes in estradiol bioavailability are associated with a strengthening of the auditory encoding of conspecific stimuli by NCM neurons through the activation of membrane-associated estrogen receptors (Fig. 6a) (Tremere et al. 2009; Remage-Healey et al. 2010; Tremere and Pinaud 2011; Remage-Healey and Joshi 2012) . These changes were shown to influence song preference in an acute manner (Remage-Healey et al. 2010) .
Females also need to learn and recognize songs that are specific to their species (Riebel et al. 2002) . Central auditory processing involves the same brain regions in males and females, although slight sex differences have been reported (Brenowitz and Remage-Healey 2016) . The NCM of female songbirds also expresses aromatase whose expression is up-regulated by testosterone in canaries (Fusani et al. 2001) . As alluded to previously, similar changes in estradiol concentration were detected in the NCM of female zebra finches exposed to the playback of conspecific male songs . Coupling in vivo electrophysiological recordings with local steroid delivery, it was also shown that estradiol, or its membrane impermeable analog estradiol-biotin, rapidly enhances NCM neuronal activity in response to male songs in female zebra finches (RemageHealey et al. 2012) . Conversely, blocking local estrogen synthesis reduced neuronal responses elicited by song playback. Together, these data show that rapid fluctuations in the bioavailability of neuroestradiol within NCM of females serve the same purpose in auditory processing as in males and provide another example where locally produced estrogens play a functional role in females independently of ovarian secretion.
Learning and memory
A wealth of data supports the role of estrogens in female learning and memory (Daniel 2006; Choleris et al. 2012; Luine 2014; Frick et al. 2015; . The role of ovarian estrogens in modulating these processes is supported by fluctuations of the number of dendritic spines and proliferating neurons in the hippocampus across the estrous cycle (Woolley and McEwen 1992, 1993; Tanapat et al. 1999) which are mirrored by similar changes in ovariectomized females treated with estrogens (Gould et al. 1990; Woolley and McEwen 1993; Tanapat et al. 1999) . In parallel, learning abilities or strategies were also shown to vary across the estrous cycle (Frick and Berger-Sweeney 2001; Korol et al. 2004 ). However, a massive amount of studies also demonstrated the existence of membrane-initiated effects of estrogens on synaptic transmission or plasticity (Teyler et al. 1980; Gu and Moss 1998; Kramar et al. 2009; Smejkalova and Woolley 2010; Huang and Woolley 2012; for review, see; Woolley 2007; Srivastava et al. 2013) as well as on learning and memory (Packard and Teather 1997; Luine et al. 2003; Gresack and Frick 2006; Fernandez et al. 2008; Liu et al. 2008; Harburger et al. 2009; Phan et al. 2011; Inagaki et al. 2010; Boulware et al. 2013 , for review see; Luine and Frankfurt 2012; Ervin et al. 2015; Frick et al. 2015) that are probably too rapid to be explained by changes in circulating estrogen concentrations.
As mentioned earlier, aromatase is expressed in the hippocampus and cortex of birds and mammals, including humans (Saldanha et al. 1998; Yague et al. 2006 Yague et al. , 2008 . Evidence from in vitro and in vivo work indicates that hippocampal estrogen synthesis plays a role in the maintenance of dendritic spines and long-term potentiation (Kretz et al. 2004; Zhou et al. 2010; Vierk et al. 2012) . Importantly, the female hippocampus contains higher amounts of estradiol than plasma at all stages of the estrous cycle and this difference is not altered by ovariectomy (Kato et al. 2013 ). In the brain, active aromatase is found in cell bodies and synaptic boutons (Schlinger and Callard 1989; Roselli 1995; Naftolin et al. 1996; Peterson et al. 2005) . The telencephalon of songbirds is particularly enriched in synaptic aromatase (Rohmann et al. 2007) , which was suggested to be more prone to rapid modulation than perikaryal aromatase (Cornil et al. 2012b; Remage-Healey et al. 2011) , thus suggesting that the cortex and hippocampus might be privileged sites of Nelson et al. 2016; Tuscher et al. 2016) local estrogen synthesis to regulate behavior independently from ovarian secretions.
The first indication that aromatization plays an important role in learning and memory had been brought about by the effect of systemic aromatase blockade on fear extinction in male rats (Graham and Milad 2014) as well as on spatial memory in female zebra finches (Rensel et al. 2013 ) and in both intact and ovariectomized female rats (Aydin et al. 2008) . However, whether brain estrogen synthesis is critical to the behavioral effects had not been demonstrated yet.
This gap was first filled in male zebra finches in which the inhibition of hippocampal aromatase was shown to impair the acquisition and performance of a spatial memory task (Bailey et al. 2013) . Two studies recently reached a similar conclusion in female rodents. The first study investigated the effect of acute aromatase inhibition in the hippocampus on memory consolidation in young ovariectomized female mice (Tuscher et al. 2016) . A single bilateral infusion of letrozole in the dorsal hippocampus immediately after training impaired the learning of object recognition and object placement (Fig. 6b) , while delayed estrogen depletion was without effect. Thus, even in the absence of ovarian estrogens, neuroestrogens are produced in the hippocampus and play a role in memory consolidation occurring immediately after training. Importantly, estradiol content measured 30 min after object placement training was markedly higher in the dorsal hippocampus of control than of letrozole females, while estradiol concentration measured 1 or 2 h after training was low in both the control and letrozole groups (Fig. 6c) , thus suggesting that training is immediately followed by a transient elevation of local estradiol levels which seems to contribute to learning. Finally, the beneficial effects observed following acute treatment with exogenous estradiol were not blocked by local aromatase blockade. Together, this work provided clear evidence that aromatization persists in the hippocampus despite ovariectomy and that locally produced estradiol acutely facilitates hippocampal memory consolidation immediately after training.
The second study investigated the effect of the chronic inhibition of central aromatase on spatial working memory in ovariectomized rats (Nelson et al. 2016) . The aromatase inhibitor delivered in the third ventricle via an osmotic minipump did not affect learning compared to vehicle treated ovariectomized females. However, this treatment blocked the beneficial effect of a long-term estrogen treatment (evidenced by a reduction in the number of errors) (Fig. 6d) .
The seemingly contradictory results of these two studies likely arise from the fact that they were conducted in different time frames and are thus addressing different questions. In the first one, the acute inhibition of estrogen synthesis only impacted transcription-independent effects of estrogens and is thus investigating the role of neurotransmitter-like actions of neuroestrogens (Tuscher et al. 2016) . On the other end, the chronic depletion of central estrogens employed in the second study likely reduced estrogen-mediated transcription (Nelson et al. 2016) . In this case, the beneficial effect of exogenous estradiol is likely explained by the activation of both transcriptiondependent and -independent signaling. Together, these two studies thus provide complementary information, suggesting that the positive effects of neuroestradiol on learning and memory rely on both genomic and non-genomic actions of estrogens, as described for other processes (Vasudevan and Pfaff 2007; Cornil et al. 2015; Micevych et al. 2015; Cornil and de Bournonville 2017) . Alternatively, the discrepancy between these two studies might arise from the fact that they are investigating different memory processes using different tasks. In this case, these seemingly conflicting data might thus indicate that neuroestradiol modulates different learning processes through different mechanisms. Of course, these two hypotheses are not mutually exclusive.
What is the source of androgens aromatized in the brain?
These findings raise the question of the source of the androgenic substrate(s) of brain aromatization. Although females have on average lower circulating androgen concentrations than males, average systemic testosterone concentrations in females of numerous species are not negligible and the distribution of individual concentrations overlaps with that of males (Cornil et al. 2006) . Given the very high affinity of the enzyme for androgens (in the low nM range), even low levels of circulating androgens secreted from the gonads, adrenals, or any other source are thus likely to act as substrates for local estrogen synthesis in the female brain (Roselli et al. 1996b; Baillien and Balthazart 1997) . In addition, dehydroepiandrosterone (DHEA) is produced in large amounts by the adrenals in both sexes and is a known androgen precursor (Maninger et al. 2009 ). In male song sparrows, DHEA secreted by the adrenals plays a key role in the activation of singing activity outside the breeding season . Evidence shows that DHEA can serve as a substrate for aromatase following its conversion in androstenedione by 3β-HSD in the brain (Vanson et al. 1996; Soma et al. 2004 ). Moreover, the activity of brain 3β-HSD is also rapidly regulated by estrogens (Pradhan et al. 2008 (Pradhan et al. , 2010 . Local production of DHEA would thus constitute a likely candidate to permit a dissociation of brain estrogen synthesis and action from the regulation by peripheral hormones. Finally, it is also possible that the androgens serving as precursors for estrogen synthesis are produced de novo in the brain. Indeed, all the enzymes required for the synthesis of androgens from cholesterol are expressed in the brain (Do Rego et al. 2009; London et al. 2009 ) and changes in androgen levels have been described to occur in the brain independently from changes in circulating concentrations (Remage-Healey et al. 2008; Pradhan et al. 2010 ).
Summary and emerging questions
Although they are still limited in number, the data reviewed here bring strong support to the idea that brain-derived estrogens contribute to the normal regulation of female physiology and behavior. Not only is aromatase expressed in the brain of females, but its expression and activity are regulated in different ways leading to measurable changes in regionspecific neuroestradiol production in response to specific stimuli. In turn, manipulations mimicking changes in local estrogen concentrations translate in the modulation of physiological and behavioral responses ranging from reproduction to cognition. Finally, these phenomena have been described in several vertebrate taxa, suggesting that these processes may be conserved across species.
Obviously, these observations are raising numerous questions. One might wonder why a local supply of estrogens would be necessary when large amounts are available in the periphery. Based on their lipophilic nature, steroids can virtually access any tissue sufficiently supplied with blood and it is thus usually considered that the local concentration of a hormone in a given tissue is similar to its concentration in the periphery. However, this is not always the case as exemplified by the higher concentration of estrogens in the jugular blood leaving the brain of male zebra finches compared to the concentration measured in the carotid arteries entering the brain (Schlinger and Arnold 1992) or by the higher levels of estrogens measured in discrete brain regions compared to plasma (Kato et al. 2013; Kenealy et al. 2013 Kenealy et al. , 2016 . It thus seems that the brain is able to regulate local estrogen concentration of independently from the periphery. Although changes in local estrogen levels were largely presented here as depending on changes in synthesis, changes in catabolism should also be considered (Cornil et al. 2006) .
In 1992, Hutchison and colleagues suggested that such local hormonal production might be beneficial when circulating levels are low, for example at the early stages of the reproductive cycle (Hutchison et al. 1992) . Along the same line, brain synthesis of estradiol in the female musk shrew could compensate for the relatively low peripheral availability in estradiol given that sexual behavior occurs when ovarian follicles are still underdeveloped (Veney and Rissman 2000) . This might also constitute a compensatory mechanism able to maintain neural function when ovarian secretions drop across the ovarian cycle, outside the breeding season or at menopause. Such a mechanism may have evolved to allow some dissociation of specific aspects of neural regulation by hormones from the reproductive cycle.
Another likely function of this local control of estrogen production or catabolism could be to allow reaching higher concentrations locally. The affinity for estradiol of all estrogen receptors characterized so far is around 5 nM which is superior to the average circulating concentration reported for estradiol in females of various taxa (high picomolar to low nanomolar) (Cornil et al. 2006) . Raising the concentration locally would enhance the number of receptors that are occupied and thus strengthen the activated response. Moreover, higher estradiol concentrations may be necessary to activate membrane-associated receptors than nuclear receptors. In many studies, the rapid actions of estrogens have indeed been observed only after administration of very high doses of the steroid (Cornil et al. 2006; Herbison 2009) . Whether this refers to the need to establish a high gradient of concentrations to ensure a rapid access to the receptors or to a requirement of membrane receptors possibly related to a lower affinity for the ligand is not clear.
Finally, local estrogen production may be a mechanism allowing faster modulation of the responses by neural processes compared to slower modulations by bodily factors. Although rapid shifts in circulating concentrations of sex steroids have been described in response to changes in the social environment, these changes do not seem to occur fast enough to take advantage of the rapidity offered by membrane-initiated actions on physiology and behavior (Cornil et al. 2006) . By contrast, acute blockade of local estrogen synthesis induces rapid changes in behavior (Remage-Healey et al. 2010 , 2012 Seredynski et al. 2013 Seredynski et al. , 2015 Tuscher et al. 2016) .
When considering the potential offered by local estrogen synthesis to dissociate local neural regulation from the ovarian control of reproduction, it is somewhat counterintuitive that female sexual behavior (Veney and Rissman 2000; de Bournonville et al. 2016) and GnRH secretion (Kenealy et al. 2013 (Kenealy et al. , 2016 relies in part on central estrogen synthesis. Indeed, one would think that such key processes to insure the synchronization of gamete transfer with ovulation and the maturation of the reproductive system would be exclusively regulated by ovarian hormones. However, it should be kept in mind that the effects described here were observed in ovariectomized females. Further research should thus determine the impact of local estrogen depletion to the regulation of sexual behavior and reproduction in gonadally intact females.
Interestingly, local progesterone synthesis also plays a functional role in the control of reproduction. In vitro and in vitro work converge to support the notion that, in hypothalamic astrocytes, estradiol activates the synthesis of neuroprogesterone which is necessary for the release of kisspeptin and the subsequent induction of the pre-ovulatory LH surge Sinchak et al. 2003; Kuo et al. 2010; Micevych and Sinchak 2011; Mittelman-Smith et al. 2015 . The involvement in the regulation of physiological processes of a brain synthesis of steroids that are classically produced in the ovary is thus not exclusive to estrogens. How brain-derived estrogens cooperate with estrogens produced in the periphery also remains an open question. The fact that sustained central estrogen depletion produces effects on learning and memory that are alleviated by chronic systemic estrogen treatments suggests that ovarian estrogens may be required to activate local circuits (through the regulation of transcription-dependent pathways), such that they are able to modulate and/or respond to a local estrogen production in response to environmental stimuli (Nelson et al. 2016; Tuscher et al. 2016) . Further investigations will thus also be needed to answer this question.
Finally, recognition of the implication of central aromatization in the regulation of female behavior and physiology might impact clinical research and ultimately improve women's well-being. For example, menopause is associated with cognitive decline (Sherwin 2012) . While ovaries cease to secrete estrogens at menopause, circulating androgen levels increase and could serve as substrates for brain aromatization (Judd et al. 1974; Laughlin et al. 2000; Fogle et al. 2007 ). Yet, to my knowledge, whether post-menopausal cognitive decline is associated with a lower brain estrogen synthesis, due to lower circulating androgens and/or failure of brain estrogen synthesis or action, is unknown and deserves further attention. In addition, aromatase inhibitors, which are a common treatment in breast cancer, have been associated with cognitive impairment (Frank et al. 2015) , psychiatric effects (Goodwin 2006; Rocha-Cadman et al. 2012) , or sexual dysfunction (Derzko et al. 2007 ). As chemotherapy is provided systemically, aromatase blockade concerns all potential sources of estrogens. Knowing that brain-derived estrogens play a role in the regulation of processes affected by chemotherapy should promote research leading to the development of molecules that do not cross the blood-brain barrier to mitigate the side-effects of these treatments.
In conclusion, the data presented here support the notion that female brain aromatase is not simply a non-functional evolutionary vestige and provide support for a role of locally produced estrogens in brain function in females. This conclusion is important in and of itself, but should also interest clinicians. It is thus hoped that this review will stimulate both basic science investigators and clinicians to further study the role and impact of central aromatization in females. Fogle RH, Stanczyk FZ, Zhang X, Paulson RJ (2007) Ovarian andro
